The clinical importance of preexisting HLA antibodies at the time of transplantation, identified by contemporary techniques, is not well understood. We conducted an observational study analyzing the association between preexisting donor-specific HLA antibodies (HLA-DSA) and incidence of acute antibody-mediated rejection (AMR) and survival of patients and grafts among 402 consecutive deceaseddonor kidney transplant recipients. We detected HLA-DSA using Luminex single-antigen assays on the peak reactive and current sera. All patients had a negative lymphocytotoxic cross-match test on the day of transplantation. We found that 8-year graft survival was significantly worse (61%) among patients with preexisting HLA-DSA compared with both sensitized patients without HLA-DSA (93%) and nonsensitized patients (84%). Peak HLA-DSA Luminex mean fluorescence intensity (MFI) predicted AMR better than current HLA-DSA MFI (P ϭ 0.028). As MFI of the highest ranked HLA-DSA detected on peak serum increased, graft survival decreased and the relative risk for AMR increased: Patients with MFI Ͼ6000 had Ͼ100-fold higher risk for AMR than patients with MFI Ͻ465 (relative risk 113; 95% confidence interval 31 to 414). The presence of HLA-DSA did not associate with patient survival. In conclusion, the risk for both AMR and graft loss directly correlates with peak HLA-DSA strength. Quantification of HLA antibodies allows stratification of immunologic risk, which should help guide selection of acceptable grafts for sensitized patients.
Anti-HLA immunization constitutes an immunogenetic hurdle to transplantation, leading to increasingly protracted waiting times for sensitized kidney transplant recipients. [1] [2] [3] In France, 25% of patients on the waiting list have a panel-reactive antibody (PRA) level of Ͼ5%, 4 and in the United States, 32% of patients awaiting transplantation are sensitized. 1 Despite efforts to diminish the risk for sensitization by use of recombinant erythropoietin, leukocyte-depleted transfusions, and the cessation of pregraft transfusion protocols, the number of sensitized patients on transplant lists remains substantial. Moreover, loss of a previous graft has become the primary cause of anti-HLA sensitization.
Patel and Terasaki 5 in 1969 demonstrated the efficacy of complement-dependent lymphocytotoxic cross-match (CXM) in defining immunologic risk in renal transplantation. This became the standard method, still used today, for graft allocation. It became clear with time that it did not identify all preexisting donor-specific HLA antibodies (HLA-DSA). In recent years, techniques for detection of HLA antibodies have become more sensitive with the introduction of solid-phase assays, including ELISA, and multiple bead-based technology, of which the Luminex-based assays are the most frequently used. The clinical impact of the antibodies detected by these more sensitive techniques has yet to be fully evaluated in terms of graft survival and definition of acceptable grafts. 3 Studies of the clinical relevance of HLA-DSA in patients who receive a transplant with a negative CXM have been contradictory. 6 -9 The ability to quantify these antibodies 10 has added a dimension of complexity to the equation. The semiquantitative ELISA technique was used to advantage by our group in a cohort of 237 patients with renal transplants, showing an increase in the occurrence of acute antibody-mediated rejection (AMR) with increasing HLA-DSA levels detected in historic sera. 11 The Luminex technique has been used in recent studies to choose the type of desensitization according to HLA-DSA strength 12 and to determine acceptable HLA-DSA levels, allowing for successful kidney transplantation after desensitization. 13 Forty years after the initial definition of immunologic risk by Terasaki and Patel, the introduction of these more sensitive techniques revives and carries to a new level the basic question of the clinical relevance of donor-specific anti-HLA antibodies and their integration into current strategies of transplantation. Indeed, no single study has compared the sensitivity, specificity, and positive predictive value (PPV) of classic or flow CXM, ELISA, and Luminex techniques in the prediction of AMR and graft survival.
The objective of this study was to appraise the full clinical potential of HLA-DSAs detected before transplantation, with reference to the previously described ELISA single-antigen technique. We used the capacity of the Luminex technique to identify with precision and to quantify HLA-specific antibodies to grade increasing immunologic risk. This observational, single-center study of 402 consecutive deceased-donor kidney transplant patients examined the impact of the strength of HLA-DSA detected on historic and current sera on the risk for AMR occurrence and graft survival in deceaseddonor kidney graft patients. Our graft strategy was the current worldwide strategy based on a negative National Institutes of Health lymphocytotoxic CXM test.
RESULTS

Pretransplantation HLA Antibodies in Kidney Transplant Recipients
Historic (Peak) Sera Among the 402 renal graft patients, 61 (15.2%) had a PRA level of Ն1%. A total of 118 (29.4%) patients had antibodies against class I or class II HLA on any pretransplantation serum and were considered as sensitized. Of these, 46 (39%) had HLA-DSA identified by ELISA and 83 (70.3%) had HLA-DSA identified by single-antigen flow-beads Luminex testing (peak SAFB HLA-DSA).
Twenty-four (6%) patients presented a remote positive CXM: Nine patients with IgG T cell complement-dependent cytotoxicity CXM (CDCXM), two patients with IgG T cell antiglobulin enhanced complement-dependent cytotoxicity (AHG-CD-CXM), two patients with B cell CXM, eight patients with IgG T and B cell CXM, and three patients with IgG B and T cell AHG-CDCXM. Figure 1 shows the distribution of peak SAFB HLA-DSAs according to the positivity/negativity of remote CXM (rCXM).
Current Sera
Seventy-six (18.9%) patients showed HLA-DSA at the time of transplantation (current SAFB HLA-DSA). The mean of the highest ranked SAFB HLA-DSA mean fluorescence intensity (MFI) detected on the current sera was 1293 Ϯ 200, not significantly different from that of HLA-DSAs detected on peak sera (1137 Ϯ 178; NS). There was no statistically significant intraindividual variation between the maximum SAFB HLA-DSAs of peak and current sera (P ϭ 0.67).
Survival Rates of Patients and Grafts
Patients
The mean follow-up time was 51.4 Ϯ 30.6 months (range 1.0 to 132.0 months). Patient 8-year survival was similar in nonsensitized patients, sensitized patients without peak SAFB HLA-DSA, and patients with peak SAFB HLA-DSA (90.2 versus 91.2 and 90.9%, respectively; P ϭ 0.98). Figure 1 . Distribution of donor-specific anti-HLA antibodies in kidney transplant recipients. rCXMϩ, patients with positive remote CDCXM; rCXMϪ, patients with negative remote CDCXM; peak HLA-DSA Luminexϩ, patients with donor-specific HLA antibodies detected by SAFB Luminex technique on the peak sera; peak HLA-DSA LuminexϪ, patients without donor-specific HLA antibodies detected by SAFB Luminex technique on the peak sera.
Grafts
CLINICAL RESEARCH www.jasn.org patients with no HLA-DSA recognized on peak, and 71.2 and 60.8% in patients with HLA-DSA, detected by Luminex technique on the peak sera. Kaplan-Meier analysis revealed that patients with peak SAFB HLA-DSA had a significantly lower graft survival as compared with sensitized patients with no HLA-DSA recognized and nonsensitized patients (P Ͻ 0.001, respectively; Figure 2A ). There was no difference in graft survival analyzed according to the class of the maximum HLA-DSA identified on the peak sera (P ϭ 0.8). Patients with HLA-DSA had poorer graft survival regardless of whether the maximum HLA-DSA was class I or II (P Ͻ 0.0002; Figure 2B ).
Acute AMR Episodes
Acute AMR occurred in 8% of kidney transplant patients. The 5-and 8-year graft survivals of patients who had an episode of AMR were 54.3 and 45.5%, respectively, significantly worse than that of the remaining transplant population (88.5 and 81.9%, respectively; P Ͻ 0.0001; Figure 2C ). The relative risk (RR) for graft loss for patients who had an episode of AMR was 4.1 (95% confidence interval [CI] 2.2 to 7.7) as compared with patients without AMR. Even in patients without any episode of AMR, the presence of SAFB HLA-DSA on the peak serum was still associated with a significantly lower graft survival as compared with patients without HLA-DSA (69.5 versus 84.4% at 96 months respectively; P ϭ 0.02; Figure 2D ).
Peak Sera
Analysis of the PPV, sensitivity, and specificity for AMR of the various methods of identifying preexisting HLA-DSA is shown in Table 1 . A positive rCXM has a high predictive performance of 54.2% with a high specificity at 97% but the lowest sensitivity at 40.6%. The Luminex technique has the highest sensitivity of these techniques (90.6%) but a low PPV of 34.9%, whereas the combination of Luminex and rCXM has the highest PPV of 72.2%.
Current Sera
The presence of SAFB HLA-DSA on the current serum has a PPV for AMR of 31.6% (sensitivity 75%, specificity 86.2%). The incidence of AMR was 40% (24 of 60 patients) in patients with HLA-DSA detectable on both the peak serum and the current serum, versus 21.7% (five of 23 patients) in those with HLA-DSAs detectable on the peak serum but not on the current serum. The receiver operating characteristic (ROC) curve analyses of HLA-DSA strength in the prediction of AMR showed that maximum peak HLA-DSA MFI area under the curve (AUC) was significantly higher than that of maximum current HLA-DSA MFI (0.94 Ϯ 0.02 versus 0.86 Ϯ 0.04, respectively; P ϭ 0.028; Figure 3 ).
Graft Survival and Risk for AMR According to
Quantification of Donor-Specific Anti-HLA Antibodies by SAFB Assays ROC curve analysis determined that an MFI of 465 for the highest single or an MFI of 820 for total HLA-DSA MFI on the peak serum is associated with maximal specificity and sensitivity regarding the occurrence of AMR (AUC of 0.94 Ϯ 0.02 and 0.91 Ϯ 0.02, respectively; each P Ͻ 0.0001). The following analysis uses the highest single MFI values.
The prevalence of AMR rises significantly with increasing MFI of highest pregraft HLA-DSA detected by Luminex technique on peak pregraft serum: 0.9% in patients with MFI Ͻ465, 18.7% in those with MFI between 466 and 3000, 36.4% for MFI between 3001 and 6000, and 51.3% for patients with MFI Ͼ6000 ( 2 ϭ 138.1, P Ͻ 0.0001). The RR for AMR according to MFI is shown in Table 2 .
The 1-, 3-, and 8-year graft survivals decrease progressively with rising peak HLA-DSA MFI: 95.0, 93.8, and 82.5% in patients with MFI Ͻ465; 100.0, 92.1, and 78.4% for patients with MFIs between 466 and 3000; and 85.0, 75.0, and 60.6% for patients with MFIs Ͼ3000 (P Ͻ 0.001; Figure 4A ). The graft survival in patients with MFIs Ͼ3000 was significantly lower than that of patients with MFIs Յ3000 (P Ͻ 0.0001).
The RR for graft loss for patients who underwent transplantation with peak HLA-DSAs Ͼ3000 was 3.8 (95% CI 3.5 to 18.4; P Ͻ 0.0001) as compared with those with MFI HLA-DSA Ͻ3000. These results were also valid in patients without AMR (RR 2.8; 95% CI 1.5 to 16.9; P ϭ 0.009; Figure 4B ). In patients with MFIs Ͼ3000, 57.1% of the graft losses at 1 year were due to AMR. 
DISCUSSION
This study shows the clinical relevance of precise immunologic characterization of patients before transplantation, using single-antigen flow-beads technology. Long-term outcomes of kidney grafts in patients with preexisting HLA-DSA detected by SAFB Luminex technique are significantly worse as compared with patients who undergo transplantation without HLA-DSA, confirming the recent results reported by Amico et al. 9 Our study furthers those observations by showing that there is a gradation of the risk for AMR and of kidney graft survival according to the levels of HLA-DSA detected before transplantation. It also underlines the pertinence and importance of analysis of peak sera by SAFB techniques in defining the immunologic risk for patients on the waiting list. The high sensitivity of Luminex permits definition of the cutoff points above which antibody levels detected before the graft are clinically relevant. We have shown a dramatic increase in the risk for AMR with increasing levels of preexisting HLA-DSA above 465 as detected by Luminex. We have also shown that patients who undergo transplantation with HLA-DSA MFIs Ͼ3000 have a 3.8 increased risk for graft loss as compared with patients who undergo transplantation with HLA-DSA MFIs Ͻ3000.
Our study also refines the current definition of immunologic risk 3, 9, 14 in specifying the importance of the temporal element (peak and current serum) and of quantification of HLA-DSAs. The combination of different techniques for detecting HLA-DSA contributes to increasing their predictive performance. We have shown here that a precise estimate of immunologic risk before transplantation is possible, much earlier than any CXM assay and in advance of the point where grafts are accepted from deceased donors. This permits transfer of the focus from the simple identification of contraindication to transplantation (i.e., the CXM veto) to a personalized appraisal of immunologic risk and helps define the transplant strategy for any patient on the waiting list. This strategy should help in weighing the risk/benefit ratio on the basis of defined immunologic risk before transplantation. More generally, this early definition of immunologic risk should allow the transplant community to establish (1) an active policy for the transplantation of immunized patients, with priority programs for highly sensitized patients and the reduction of unnecessary shipping of organs, and (2) protocols for immunosuppression therapy and monitoring adapted to the immunologic risk of the recipients.
Avoiding important confounding factors in graft survival, the design of this observational study has permitted an accurate analysis of the clinical relevance of HLA-DSAs. The Luminex analysis was performed retrospectively at the end of the study, avoiding possible bias in the decision to accept the graft and in modifications of immunosuppressive treatment. We have also excluded the patients for whom a pregraft conditioning was performed and patients for whom decisions were made taking into account sensitive techniques for detecting HLA-DSA (living donors, kidney-pancreas transplants). These data are important in the current context of widespread use of sensitive techniques for HLA-DSA detection but with practices varying considerably from one transplantation center to another.
In recent years, a major change in renal transplantation has come from the recognition of the importance of AMR, recognized initially only as the cause of hyperacute rejection but now known to be responsible for acute and chronic lesions. 15 Our study underlines that AMR is a major factor in the evolution of HLA-incompatible kidney transplants and is associated with higher rates of graft loss, even though interpretation of the long-term graft survival of patients with AMR suffers from variation of the approach to treatment of AMR over time. For treatment of AMR, we used a specific treatment based on intravenous Ig (IVIg) products known to have powerful immunomodulatory effects. 16 Treatment of AMR has evolved from IVIg-based regimens to combination therapies using plasmapheresis, IVIg, and rituximab, leading to an amelioration of short-term graft survival of patients with AMR. [17] [18] [19] [20] The immunologic and histologic profiles of patients with AMR and poor prognosis have largely been defined. 17, 21 The concept of quantification of HLA-DSA posttreatment and the optimization of treatment according to the DSA levels 17, 22 should allow the histologic and immunologic evolution of AMR to be better defined over the long term as well.
Importantly, our study shows that even in the absence of clinical AMR, the long-term graft course is worse in patients with preexisting HLA-DSA. The recently described entity of subclinical AMR 23, 24 in which progressive morphologic lesions are found on biopsy in the absence of overt clinical rejection may account for this different course. A recent study demonstrated that subclinical AMR is a frequent finding in patients with preformed HLA-DSA (31.1% at 3 months) and is associated with worse GFR at 1 year. 25 These progressive lesions lead to chronic humoral rejection, first described in 2001 26 and now recognized to be a distinct cause of late graft dysfunction and loss. 25, 27, 28 Our study shows the major impact that pregraft Luminexbased HLA-specific antibody screening is having on the field of transplantation. The Luminex technique is more sensitive in detection of HLA-DSAs than the other two techniques analyzed, ELISA and CDCXM. Luminex analysis permits pregraft characterization of the antibody profiles in sensitized patients and gives improved definition of safe (antibody-negative) and at-risk (antibody-positive) HLA specificities. The first step in the transplant strategy for sensitized patients is to define whether a graft with minimal immunologic risk is possible. Whenever possible, kidney transplantation should be performed in the absence of DSAs. Virtual cross-matching, recently promoted by the United Network for Organ Sharing, 29 consists of selecting potential donors without HLA specificities against a recipient's antibodies, predicting a negative CXM. The use of the virtual cross-matching permits expanding the geographic regions from which kidneys can be drawn and reduces waiting time and deaths on the waiting list. 30 -32 It is, furthermore, a good indicator for reducing the risk of AMR. 33 In practice, we must evaluate, for each sensitized patient on the waiting list, whether the listing of forbidden antigens permits a donor pool sufficient to ensure transplantation. For some highly sensitized patients, use of virtual cross-matching leads to an insufficient number of donors. Thus, alternatively, the access to transplantation for these patients can be augmented in three ways: Priority programs, desensitization regimens, or increased immunologic risk of transplantation with preexisting HLA-DSA.
Priority programs such as the Eurotransplant "Acceptable Mismatch" program 34 raise the probability for a hypersensitized patient to receive a kidney with a negative CXM, 35 with excellent graft survivals. 34 Desensitization protocols based on high-dosage IVIgs 36 -38 have been used with success. Other therapies 39, 40 can be efficacious in desensitizing patients who are awaiting transplantation. Transplantation in the presence of HLA-DSA requires a careful estimation of the immunologic risk, as assessed by rCXMs and levels of antibodies detected by Luminex technique. For such patients at high immunologic risk, specific posttransplantation protocols [41] [42] [43] [44] and close monitoring are indispensable.
Access to and results of transplantation can therefore be improved in sensitized patients. The data presented in this article emphasize the importance of precisely characterizing the status of the anti-HLA pretransplantation immunization using sensitive techniques. This should allow optimization of donor immunologic selection, immunosuppressive regimen, and posttransplantation monitoring.
CONCISE METHODS
Patients
The study included 402 consecutive deceased-donor single-organ kidney transplants recipients who underwent transplantation in Saint-Louis Hospital (Paris, France) between January 1998 and June 2006. Patients with multiple transplants (20 patients with combined liver-kidney transplants and 14 with pancreas-kidney transplants), living-donor transplants (36 patients), or pregraft conditioning (17 patients) and those for whom historic sera were not available for further research (24 patients) were excluded.
All patients were followed up through January 2009. Data on the HLA typing of transplant donors and recipients and rCXM results were recorded on day 0 (day of transplantation). Data on survival of patients and grafts, AMR episodes, serum creatinine values, and posttransplantation immunosuppressive therapy were obtained at months 3 and 6; at years 1, 3, 5, and 8; and at the end of follow-up.
Criteria for Accepting a Donor
CXMs were performed by complement-dependent cytotoxicity (CDCXM) and T cell antiglobulin enhanced complement-dependent cytotoxicity (AHG-CDCXM) on lymph nodes and by complement-dependent cytotoxicity on separated B lymphocytes or spleen cells, according to National Institutes of Health recommendations. Peak and current sera were tested for all patients according to European Federation for Immunogenetics standards. Sera were tested both diluted and undiluted, with and without dithiothreitol. For all kidney transplant recipients, negative current IgG T cell and B cell CDCXMs were required. CXMs positive only for IgM were not considered as a contraindication to transplantation.
Detection of HLA Antibodies
HLA typing of transplant recipients was performed by molecular biology (Innolipa HLA typing kit; Innogenetics, Gent, Belgium). For all kidney transplant donors, HLA-A/B/DR/DQ tissue typing was performed using the microlymphocytotoxicity technique with One Lambda Inc. tissue-typing trays and was controlled by molecular biology. HLA-CW and HLA-DP typing of the donor was performed when an isolated HLA-CW or HLA-DP HLA-DSA was potentially present.
All pretransplantation (historic) sera were screened by the most sensitive routine screening test available at the beginning of the study, ELISA assays (LAT-M; One Lambda, Canoga Park, CA), to determine the presence or absence of HLA class I or class II antibodies of the IgG isotype. HLA class I antibodies were then identified by complementdependent cytotoxicity on a frozen cell tray of 30 selected HLA-typed lymphocytes (Serascreen FCT30 Frozen Cell Trays; Gen Trak, Liberty, NC). PRAs of the IgG class directed against HLA class I molecules were calculated from this complement-dependent cytotoxicity assay.
All patients in whom HLA antibodies were detected were screened for the presence of HLA-DSA in pretransplantation peak sera by two techniques: ELISA and SAFB Luminex assays. Peak serum was determined on the basis of the serum's having the highest % PRA. The interval between the peak serum values and the actual transplantation was 29.4 Ϯ 11.8 months.
Detection of HLA-DSA Using ELISA
Identification of ELISA HLA-DSA class I was done using a high-definition single-antigen ELISA (LAT-1HD; One Lambda). For ELISA HLA-DSA class II identification, we performed an ELISA (LAT 2-40; One Lambda) test, which identified DR and DQ subtypes on a panel of purified HLA antigens. Both ELISA tests were performed as recommended by the manufacturer and described previously. 11 Detection of HLA-DSA by ELISA on the peak sera was performed retrospectively between June and November 2006.
Detection of HLA-DSA Using SAFB on Luminex Platform
Identification of class I and class II HLA-DSA by Luminex analysis (One Lambda) uses sets of 96 beads (class I) and 76 beads (class II), respectively; each bead is coated with a single HLA glycoprotein, permitting precise identification of antibody specificity. Presence of antibodies was detected using a goat anti-human IgG coupled with phycoerythrin. The fluorescence of each bead was detected by a reader (LABscan) and recorded as the MFI. All beads showing a normalized MFI Ͼ300 were considered positive. For each patient, we recorded the number of HLA-DSA and the maximum HLA-DSA MFI defined as the highest ranked donor-specific bead.
All current (day 0) sera were screened for the presence of HLA-DSA by class I and class II SAFB Luminex assays. Luminex analyses were performed retrospectively between January and March 2009 for the peak sera and in November 2009 for the current sera.
Posttransplantation Induction Protocols and Maintenance Immunosuppressive Therapy
Immunosuppression protocols were defined according to the immunologic risk, determined by the current system using lymphocytotoxic PRAs and T and B cell-based assays. Patients received induction therapy consisting of rabbit antithymocyte globulin (1.5 mg/kg per d for 10 days; Thymoglobulin; Genzyme) with maintenance immunosuppression consisting of tacrolimus (Prograf; Astellas) or cyclosporine (Neoral; Novartis), mycophenolate mofetil (CellCept; Roche), and steroids. Patients with remote positive IgG T and B cell CXM received IVIg at the time of transplantation (2 g/kg body wt on days 0 to 1, 20 to 21, and 40 to 41).
Diagnosis and Treatment of Acute AMR Episodes
Among the patients with clinical acute graft dysfunction, three had episodes of borderline changes, 18 had episodes of acute T cell-mediated rejection (IA for six patients, IB for three patients, IIA for four patients, IIB for two patients, and III for three patients), and 32 patients had episodes of AMR. All rejection episodes were biopsyproven. Biopsy specimens were evaluated by light microscopy and immunofluorescence (C4d and Igs). Findings were graded according to the Banff '07 classification. 45 C4d was detected by a two-step indirect immunofluorescence method using a mAb specific for complement fragment C4d on frozen tissue (Quidel, Santa Clara, CA). All patients with AMR had characteristic histologic lesions delineated by the Banff classification of allograft rejection, 46 positive C4d staining, and HLA-DSAs detected by SAFB assays at the time of diagnosis.
All patients with AMR were treated with methylprednisolone pulses (500 mg/d for 3 days), with switch to tacrolimus for patients who were previously on cyclosporine and a protocol of high-dosage IVIg (2 g/kg, repeated every 3 weeks for four administrations). Between January 1998 and December 2003, eight patients received an additional treatment with plasma exchange (five patients) or muromonab-CD3 (OKT3; three patients). After January 2004, all patients received as additional treatment four plasmaphereses and two weekly doses of rituximab (375 mg/m 2 body surface area; MabThera; Roche, Meylan, France). 17 
Statistical Analysis
Results are expressed as mean Ϯ SD for continuous variables, with the exception of MFIs, or which mean Ϯ SEM is used. Comparisons were based on the 2 test for categorical data and the t test for normally distributed continuous data. For parameters without Gaussian distribution (MFI), the Mann-Whitney U test was used. For individual HLA-DSA MFI evolution between peak and current sera, the Wilcoxon matched-pairs test was used. Death-censored graft survivals were calculated by Kaplan-Meier analysis. Differences between survivals were calculated by log-rank analysis. P Ͻ 0.05 was regarded as statistically significant.
For studying the usefulness of HLA-DSA MFIs as a predictor of AMR, ROC curves were plotted to estimate the cutoff of MFI max HLA-DSA and total HLA-DSA MFIs in terms of yielding the highest sensitivity ϩ specificity/2. We determined the AUC to evaluate its significance. For peak versus current ROC curves, AUC were compared using 2 test with Bonferroni correction. The association of AMR occurrence and MFI strength classes was determined by univariate logistic regression. The risk for graft failure according to the occurrence of AMR and HLA-DSA MFIs was determined using univariate Cox analyses.
All tests were two-sided. All statistical analyses were performed using STATA 10.0 software (Stata Corp., College Station, TX).
